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ABSTRACT The epithelial Na* channel (ENaC) is com-
posed of three homologous subunits: «, $ and y. We used gene
targeting to disrupt the 8 subunit gene of ENaC in mice. The
BENaC-deficient mice showed normal prenatal development
but died within 2 days after birth, most likely of hyperkalemia.
In the —/— mice, we found an increased urine Na* concen-
tration despite hyponatremia and a decreased urine K*
concentration despite hyperkalemia. Moreover, serum aldo-
sterone levels were increased. In contrast to aENaC-deficient
mice, which die because of defective lung liquid clearance,
neonatal BENaC deficient mice did not die of respiratory
failure and showed only a small increase in wet lung weight
that had little, if any, adverse physiologic consequence. The
results indicate that, in vivo, the B subunit is required for
ENacC function in the renal collecting duct, but, in contrast to
the « subunit, the 8 subunit is not required for the transition
from a liquid-filled to an air-filled lung. The phenotype of the
BENaC-deficient mice is similar to that of humans with
pseudohypoaldosteronism type 1 and may provide a useful
model to study the pathogenesis and treatment of this disor-
der.

The epithelial Na* channel (ENaC) plays a key role in
regulating salt and water homeostasis (1-3). The channel is
expressed in the apical membrane of epithelial cells lining the
distal nephron, the colon, and the pulmonary airways. Three
homologous subunits, «, B, and vy, form the Na™'-selective
channel (4-8). Each has cytosolic N and C termini, two
transmembrane domains, and a large cysteine-rich extracellu-
lar domain (9-11). Heterologous expression in Xenopus laevis
oocytes has shown that the « subunit alone is sufficient to
generate a small amiloride-sensitive Na* channel (4, 6, 8).
However, when the « subunit is coexpressed with the g and y
subunits, the Na* currents are much larger (5, 7). In contrast,
expression of B alone, y alone, or 3 plus y generates no channel
activity (5, 7).

The critical function of ENaC is demonstrated by its dis-
ruption in human disease. Lack of Na* channel activity causes
the autosomal recessive disease pseudohypoaldosteronism
type 1 (PHAL). In PHAL, the genes encoding one of the ENaC
subunits bear mutations that are predicted to disrupt subunit
function (12, 13). As a result, newborns with PHA1 develop
hyponatremia, hyperkalemia, salt wasting, and elevated aldo-
sterone concentrations. Conversely, gain-of-function muta-
tions cause the autosomal-dominant Liddle’s syndrome, char-
acterized by hypertension (14). Liddle’s mutations disrupt a
C-terminal proline-rich protein binding site in the B or y
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subunit, which increases the number of Na' channels in the
cell membrane, leading to excess Na*t reabsorption (15, 16).

In an initial attempt to understand the physiology of ENaC,
the gene encoding the « subunit was disrupted in mice (17).
Homozygous mutant mice died from respiratory failure within
40 hr after birth because they failed to clear liquid from their
lungs. In this study, we asked whether deletion of the B8 subunit
also would prevent normal channel function in vivo. Because
the o subunit is required to generate channel activity in
heterologous expression systems, and because coexpression of
the <y subunit with the « subunit generates more channel
activity than « alone (5, 7), we hypothesized that a mouse
missing only the B subunit might have some Na* channel
activity in the lung; thus, it might display a phenotype different
from that of an « null mouse. Moreover, because BENaC loss
of function mutations have been described in some PHAI1
patients (12), we predicted that such a mouse might provide a
model for the study of PHAL.

MATERIALS AND METHODS

Construction of the B Mouse ENaC (BmENaC) Gene
Targeting Vector. A 1,488-bp fragment of BmENaC cDNA was
amplified from mouse kidney cDNA (CLONTECH) by using
degenerate PCR primers corresponding to the amino acids
KKKAMWEF (5’ primer) and IEFGEII (3’ primer). This DNA
fragment was random prime labeled with [?2P]dCTP and was
used to screen a D3 embryonic stem (ES) cell genomic DNA
library (a gift of J. K. Heath, University of Birmingham, U.K.),
following standard procedures (18). A number of positive
clones were obtained, and, after preliminary restriction map-
ping and DNA sequencing, a 13.5-kilobase (kb) BmENaC
genomic fragment was chosen to construct the gene targeting
vector. This clone contained three exons of the BmENaC gene,
the most 5’ of which included the presumed start methionine
(by comparison with the rat and human BENaC sequences)
(Fig. 14). We designed a replacement gene targeting vector in
which the first exon and part of the first intron of BmENaC
were replaced with PGKneo (the phosphoglycerate kinase
promoter driving expression of the neomycin-resistance gene),
which was in the reverse transcriptional orientation. To pre-
pare the gene targeting vector, a 3.8-kb HindIII-EcoRI frag-
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Fic. 1. Disruption of the mouse BENaC locus. (4) Gene targeting
strategy. (B) Southern blot of BamHI-digested genomic DNA from ES
cell clones. Lanes 2 and 8 show targeted ES cell lines. HSVtk, herpes
simplex virus thymidine kinase.

ment downstream of the first exon was blunt-end cloned into
the Xhol site of pPNT (a gift of R. Mulligan, Whitehead
Institute, Massachusetts Institute of Technology). Subse-
quently, a 3-kb EcoRI-Nofl fragment upstream of the first
exon was blunt-end cloned into the EcoRI site. This resulted
in a total of 6.8 kb of genomic DNA homologous to BmENaC
positioned around the PGKneo cassette. The herpes simplex
virus thymidine kinase cassette was located outside of the
regions of homology at the BmENaC 5’ end. Thus, a gene-
targeted event replaces exon 1, or the first 90 amino acids of
BmENaC, with the PGKneo cassette.

Production of BENaC-Deficient Mice. The BmENaC gene
targeting vector was linearized at the unique NotI site, was
gel-purified, and was electroporated into R1 ES cells (A. Nagy,
Mount Sinai Hospital, Toronto). ES cells were selected in
G418 and gancyclovir, and surviving clones were expanded for
screening. Genomic DNA was isolated from clones of ES cells.
The cell pellet was incubated in lysis buffer (10 mM Tris, pH
7.4/1 mM EDTA/100 mM NaCl/1% SDS/500 mg/ml pro-
teinase K) for 24—48 hr at 37°C. After standard extraction with
phenol:chloroform:isoamyl alcohol (1:1:'24), the genomic
DNA was precipitated and resuspended in a 10 mM Tris and
1 mM EDTA (pH 8) solution containing 10 pg/ml RNase A.
Approximately 25 pg of genomic DNA was digested overnight
with BamHI, was separated on a 1% agarose gel, and was
transferred to Hybond N+ (Amersham Pharmacia) overnight
in 0.4 M NaOH. A 0.7-kb probe located downstream from the
3.8-kb BmENaC genomic fragment used for the gene targeting
construct was labeled with [*?P]JdCTP and was hybridized to
the filters by using standard procedures (18). The filters were
washed twice in 2X standard saline citrate and 0.1% SDS and
once in 0.2X standard saline citrate and 0.1% SDS and was
exposed to X-omat film (Kodak) for 1-5 days. Because a
BamHI site was introduced with the gene targeting construct,
a novel BamHI fragment was observed in targeted ES cell
clones. The probe recognized an ~18-kb BamHI fragment
from the normal allele whereas an additional BamHI fragment
of ~11 kb was observed in the targeted allele.

For chimera production, positive ES cell clones either were
injected into C57BL/6J blastocysts or were cocultured with
eight-cell C57BL/6J embryos. Chimeras then were bred with
C57BL/6J females. The genotypes of the pups from hetero-
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zygote crosses were determined by PCR by using primer sets
to specifically detect normal or targeted alleles. They initially
were confirmed by Southern blots. The following primer set
was used to amplify across the PGKneo cassette to detect
targeted alleles: 5’ primer, 5'-CAACAGACAATCGGCT-
GCTC-3'; and 3’ primer, 5'-GTCACGACGAGATCCTCGC-
3'. This produced a 495-bp fragment. The following primer set
was used to detect normal BmENaC alleles: 5’ primer, 5'-
GGCAGTGGGGAGTCTTCATC-3’; and 3’ primer, 5'-
CTGACCTTGCCTCCATTCCA-3', which amplified a 339-bp
fragment.

Expression Analysis, Histology, and Physiological Measure-
ments. Reverse transcriptase (RT)-PCR was performed by using
a RETROscript kit (Ambion, Austin, TX) according to the
manufacturer’s directions. The primers used for the RT-PCR
were oENaC forward primer 5 CTAATGATGCTGGACCA-
CACC 3’ and reverse primer 5 AAAGCGTCTGCTCCGT-
GATGC 3'; BENaC forward primers 5'GCCAGTGAAGAAG-
TACCTGC 3’ and reverse primer 5'CCTGGGTGGCACTGG-
TGAA 3'; yENaC forward primer 5’AAGAATCTGCCGGT-
TCGAGGC 3’ and reverse primer 5S'TACCACTCCTGGATG-
GCATTG 3'; and glyceraldehyde-3-phosphate dehydrogenase
forward primer 5'CGTCTTCACCACCATGGAGA 3’ and re-
verse primer 5 CGGCCATCACGCCACAGTTT 3'. Standard
hematoxylin and eosin staining was performed on paraffin-
embedded lung and kidney tissues. Serum and urine ion concen-
trations were measured by a DT60II automatic analyzer (Johnson
& Johnson Clinical Diagnostics, Rochester, NY) at the Animal
Clinical Laboratory in the University of North Carolina at Chapel
Hill, NC. Serum aldosterone levels were measured by using a
solid phase radioimmunoassay following the protocols of the
manufacturer (Diagnostic Products, Los Angeles). Blood gas
analyses were performed by using an AVL 995 (AVL Scientific
Corporation, Roswell, GA) on 40 ul of heparinized blood ob-
tained from decapitated newborns. These samples represent
mixed arterial and venous blood.

RESULTS

Neonatal Mortality of BmENaC Null Pups. The scheme for
disruption of mouse BENaC by gene targeting is depicted in
Fig. 14. The BmENaC targeting vector was introduced into R1
ES cells by electroporation, and surviving G418 and gancy-
clovir resistant clones were screened by Southern blotting (Fig.
1B). Six targeted ES cell clones were identified from 196
screened, giving a targeting frequency of ~3%. Two positive
clones were chosen to develop BENaC-deficient mouse lines,
and the two lines showed identical phenotypes.

Pups from heterozygous matings were genotyped at three
ages (Table 1 and Fig. 24). When embryos [between embry-
onic day 12.5 (E12.5) and E19.5] were genotyped, we found
that 21% of pups were homozygous-deficient. When the pups
were genotyped during the first 8 hr after birth, 18% were
homozygous-deficient. However, no homozygous-deficient
(=/—) pups were found at the time of weaning (3 weeks),
suggesting that loss of BENaC caused a lethal phenotype
shortly after birth. Fig. 2B shows a survival curve. After birth,
the BENaC —/— pups showed a steady decline in survival, with
amaximum survival time of 47 hr. This survival curve is similar

Table 1. Percentage of mice of each genotype determined
prenatally, immediately postnatally, and at weaning

Percent of animals

Age n +/+ +/= -/=
Prenatal
E12.5-E19.5 111 23 56 21
Postnatal 0-8 hr 34 32 50 18
Weaning, 3 weeks 72 35 65 0
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FiG. 2. Genotype and survival of mice. (4) Genotype of mice
determined by PCR. The 495-bp band represents the targeted BENaC
allele, and the 339-bp band represents the normal BENacC allele. (B)
Survival curves of wild-type (+/+), heterozygous (+/—), and ho-
mozygous-deficient (—/—) pups.

to that reported for mice deficient in «ENaC, which survived
a maximum of 40 hr (17). These results indicate that BENaC
null mice survive development and are born but that they die
shortly after birth.

Expression of BmENaC. Expression of all three ENaC
subunits was examined in mice of all genotypes (Fig. 3). By
using an RT-PCR assay, no BmENaC specific mRNA was
detected in either lung or kidney of BENaC —/— pups.
However, BENaC mRNA was detected in wild-type (+/+)
and heterozygous (+/—) littermates. In addition, mRNA for
both @ and yENaC subunits was observed in tissues from pups
of each genotype.

Disruption of BmENaC Does Not Cause Respiratory Fail-
ure. Pulmonary liquid absorption is increased just before birth,
and the activity of ENaC is thought to be critical for the change
from a water-filled embryonic lung to an air-filled adult lung

FiG. 3. Expression of ENaC subunits determined by RT-PCR.
RT-PCR was performed on RNA extracted from kidney (K) and lung
(L) from wild-type (+/+), heterozygote (+/—), and homozygous-
deficient (—/—) pups. The primers used to specifically detect each
subunit are described in Materials and Methods. As a control, glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was ampli-
fied from each sample.
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(19). These observations were supported by the report that
mice deficient in «ENaC died of respiratory failure because
they failed to clear liquid from their lungs after birth (17).
Although BENaC-deficient mice had a similar survival curve,
they did not show the respiratory failure of a—/— mice. The
B—/— pups appeared normal at birth, moved and suckled
normally, had milk in the stomach at death, and could not be
distinguished from their littermates. They did not show an
abnormal breathing pattern, chest wall retractions, or cyanosis.
In fact, they appeared normal even when observed shortly
before death.

This behavior suggested that lung liquid clearance is not
impaired severely. To test this, we examined the lungs, and on
gross inspection found that they were air-filled and not mot-
tled. Lung sections showed no difference in morphology
between BENaC +/+ and —/— mice (results not shown). We
also measured the wet and dry weights of lungs removed from
BENaC —/— mice and compared them to their +/+ and +/—
littermates. Although prenatal lung wet:dry weights were not
significantly different between the three groups, there was a
small but significant increase in wet:dry lung weight of the
BENaC —/— animals (Fig. 4). However, the increase in
wet:dry lung weight was only half the increase reported for
aENaC-deficient mice (17).

To evaluate lung function further, we performed blood gas
analysis of 12- to 18-hr-old pups. There were no significant
differences between the groups of mice in CO, pressure, O,
pressure, O, saturation, base excess, HCO5 concentration, or
pH (Table 2). These data together with those described above
indicate that the B—/— mice did not die of respiratory failure.
This led us to suspect that there may be other phenotypes
associated with loss of BENaC function that are responsible for
premature death.

Disruption of BmENaC Causes Severe Metabolic Abnor-
malities. ENaC function in the kidney is a key component of
Na™ absorption and electrolyte homeostasis. Moreover, ab-
normalities in renal electrolyte transport are responsible for
the morbidity and mortality in PHA. Therefore, we evaluated
renal histology and function. On gross inspection and on
microscopic examination, kidneys of the +/+ and —/— ani-
mals showed no difference (data not shown). However, Fig. 54

[}
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FiGc. 4. Lung wet/dry weight ratios. Lungs were obtained prena-
tally (E18.5-E19.5) and at 12-18 hr after birth and were analyzed for
water content. Numbers of animals in each group were, for prenatal,
2+/+,4 +/—,and 3 —/—; and for postnatal, 8 +/+,4 +/—, and 7
—/—. Data are mean = SEM. Asterisk indicates P < 0.05 compared
with +/+ animals.
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Table 2. Blood gas analysis

Proc. Natl. Acad. Sci. USA 96 (1999)

Genotype n pH CO; pressure, mmHg O, pressure, mmHg Base excess, mM HCO3, % O, saturation, %
+/+ 7 7.31 = 0.02 59.8 = 11.6 80.5 = 38.1 1.6 £2.3 29.0 = 3.1 89.5+ 8.6
+/- 5 7.33 = 0.02 60.4 = 16.0 80.7 = 28.5 31+12 303 =38 91.9 + 8.1
-/= 3 7.34 = 0.02 55.1 =119 68.8 = 33.8 1.6 £ 1.0 282+ 3.1 86.9 = 11.3

Blood taken from 12- to 18-hr-old pups was analyzed for pH, CO; pressure, O, pressure, base excess, HCO3 concentration, and O, saturation.

Data are mean *+ SD. 1 mmHg = 133 Pa.

shows that serum Na* concentration was decreased in BENaC
—/— mice compared with their +/+ and +/— littermates. In
addition, the serum K* concentration was strikingly elevated
in the BENaC null mice. The serum Cl~ concentration also was
elevated slightly in —/— mice. The urine electrolytes (Fig. 5B)
of null mice showed a significantly lower K* concentration and
a higher Na* concentration than controls. The urine CI~
concentration was not different in the three groups. The
hyponatremia with high urine Na* concentrations suggests
renal Na™ loss. Consistent with this, the —/— pups weighed
less (1.23 = 0.03 g,n = 3, P = 0.05) than controls (1.40 * 0.04 g,
n = 12) 12 hr after birth. The inability to excrete a urine high
in K*, despite the high serum K* concentration, is consistent
with a loss of ENaC in the renal collecting duct.

Aldosterone Levels Are Increased in BmENaC-Deficient
Pups. Salt balance is regulated, in part, by aldosterone-
mediated ENaC subunit transcription and channel activity
(reviewed in ref. 20). The defects in electrolyte concentration
suggested that there would be compensatory changes in aldo-
sterone levels. Fig. 6 shows that serum aldosterone was higher
in the BENaC-deficient mice compared with littermate con-
trols. Increased serum aldosterone combined with renal Na™*
loss suggests renal resistance to high levels of aldosterone, as
is seen in PHAL.

DISCUSSION

Using gene targeting, we have generated mouse lines that are
deficient in BENaC. Prenatally and within a short period after

A 140 Serum B 120 Urine
1201 * 100 *
1001 J
Na+t go Nat+ 80
(MM) 601 (mM) 607
401 409
20 204
- 0- 04
++ +- -/- H+  +- -/
20 80
161 607 Q
K+ 124 K+ \
(mM) ; (mM) 401 §
84 r
. 1IN
L7 LN
++ - - +H+ o H- -/-
140 120
1201 * 100 1
1001 -
Cl 4o V cl- 8]
(mM) / (mM) 604
607
401 % 40
207 / 201
0 0
++  H- -/- . 4+ H- -/-

FiG.5. Serum and urine electrolyte concentrations. Serum (4) and
urine (B) samples were taken from 12- to 18-hr-old pups and were
analyzed for Na*, K*, and Cl~. Numbers of animals in each serum
group were 15 +/+, 8 +/—, and 6 —/—. Numbers of animals in each
urine group were 15 +/+, 8 +/—, and 10 —/—. Data are mean *
SEM. Asterisk indicates P < 0.05 compared with +/+ animals.

birth, the percentage of —/— mice (21 and 18%), respectively)
was close to the predicted 25%, suggesting little, if any, loss
during embryogenesis. Moreover, the —/— mice had no
detectable internal or external morphologic defects. These
results suggest that BENaC is not required for normal embry-
ogenesis or development. This is consistent with the timing of
ENaC expression late in development in lung and kidney (21,
22). However, the BENaC null mice survived <2 days; our data
suggest they died from hyperkalemia caused by the loss of renal
ENaC function. These results reveal that the BENaC subunit
is an essential component of the epithelial Na* channel in vivo.

The BENaC null mice showed several interesting differences
from mice deficient in «aENaC (17). The «ENaC null mice died
from respiratory failure with respiratory distress, cyanosis, and
lungs that were heavy with fluid and showed alveolar filling on
histologic examination. In contrast, the BENaC null mice were
not in respiratory distress, their behavior was normal, they had
normal lungs on gross inspection, and their pulmonary histol-
ogy was normal. Although the wet:dry weight ratio was
increased, suggesting some alteration of lung liquid clearance,
the changes were small and less than those observed in «ENaC
—/— mice. Moreover, the lack of changes in the blood gases
in BENaC —/— mice suggests that there was little respiratory
compromise. Thus, «ENaC, but not BENaC, appears to be
required for lung liquid clearance at the time of birth. The lack
of severe pulmonary sequela caused by BENaC disruption
could have several explanations. It may be that the remaining
a and vy subunits generate some channel activity in the lung, as
has been observed with heterologous expression of human and
rat a- and yENaC (5, 7). Alternatively, it may be that another,
as yet undiscovered subunit can substitute for BENaC in the
lung. For example, the human & subunit can substitute for an
a subunit to generate Na™ channels in heterologous expression
systems (23). Future studies are required to sort out these and
other possibilities.

PHAL results from a mutation in any one of the ENaC
subunits, and the reported phenotypes are similar. It is inter-
esting that humans with PHA1, including those with «ENaC

3000

20007

10007

Serum Aldosterone Levels (pg/ml)

DA

+/+ +- -/-

F1G. 6. Serum aldosterone levels. Serum samples were taken from
12- to 18-hr-old pups and were analyzed for aldosterone. Numbers of
animals in each group were 9 +/+, 7 +/—, and 10 —/—. Data are
mean = SEM. Asterisk indicates P < 0.05 compared with +/+
animals.
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mutations, do not show the pulmonary phenotype reported for
the «ENaC —/— mice (12, 17). The lack of respiratory failure
with BENaC disruption in the mouse appears to resemble
more closely the situation observed in humans with PHA1 than
does the phenotype in mice with a disrupted «kENaC gene. This
difference suggests that control of liquid balance in the lung is
significantly different in mice and humans. This conclusion is
also consistent with earlier findings in mice that disruption of
the cystic fibrosis transmembrane conductance regulator gene
or mutation by deletion of F508 does not reproduce the
pulmonary phenotype of patients with cystic fibrosis (24, 25).
Thus, even though the BENaC —/— mice may have a pulmo-
nary phenotype more like that of humans with PHA1, caution
is warranted in using them as a model to understand human
lung disease.

In contrast to the lack of a pulmonary phenotype, the
BENaC-deficient mice showed a significant defect in renal
function that appears to have caused their death. In the —/—
mice, we found an increased urine Na* concentration despite
hyponatremia and a decreased urine K* concentration despite
hyperkalemia. Moreover, serum aldosterone levels were in-
creased. Together, these findings indicate a critical defect in
renal collecting duct Na™ channel activity and, secondarily, K*
secretion. In the cortical collecting duct, Na* absorption
through apical ENaC Na™ channels is coupled to K* secretion
into the urine through apical K* channels (26). The linkage
between Na* absorption and K* secretion is completed by
virtue of the activity of the basolateral membrane Na-K-
ATPase, which exchanges Na* for K*. In general, the rate-
determining step for Na* absorption and K* secretion is Na™
entry across the apical membrane, and aldosterone stimulates
this step by increasing the number and/or activity of apical
ENaC Na™ channels. Our data indicate that the 8 subunit of
ENaC is critical to both Na* absorption and K* secretion in
the distal tubule.

In rodents, the ability of the cortical collecting duct to
absorb Na* and to secrete K* is not fully developed at birth
but requires 1-2 weeks of neonatal life to mature (27, 28). Our
finding that lethal hyperkalemia developed within the first 2
days of life strongly suggests that, even though ENaC function
may not be fully developed, there is sufficient function to
prevent hyperkalemia. Thus, we infer that a functional ENaC
is important for the metabolic transition from fetal to neonatal
life.

It is difficult to be certain of the requirement for the «
subunit in the kidney or to compare the renal phenotype of the
«ENaC null mice (17) to our BENaC null mice. It is possible
that «ENaC deficient mice might show a phenotype similar to
that which we report, but death from respiratory failure could
preclude analysis. Recently, Hummler et al. (29) reported
generation of mice with homozygous disruption of «ENaC that
were also transgenic for the rat «ENaC expressed in many
tissues, including lung and kidney. Many of the mice survived
the neonatal period, and metabolic abnormalities were not
obvious at 12 hr. Although serum electrolytes were not mea-
sured, at 5-9 days after birth, the mice showed increased
urinary Na™ and modest metabolic acidosis. Thus, BENaC null
mice have a renal phenotype much more severe than «ENaC
null mice expressing an «ENaC transgene.

The BENaC-deficient mice reproduce much of the pathol-
ogy observed in humans with PHA1. Patients with PHA1 show
hyponatremia, hyperkalemia, dehydration, and elevated aldo-
sterone levels, and, if left untreated, would usually die (12, 13).
The BENaC-deficient mice we describe may provide a useful
model to understand better human PHAT1 and to develop new
approaches to therapy.

Proc. Natl. Acad. Sci. USA 96 (1999) 1731
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